In Australia, the common carp (Cyprinus carpio) is a significant pest species because it dominates fish communities in numerous catchment areas. In 2016, Australia launched a national control plan based on the use of Cyprinid herpesvirus 3 (CyHV3) to reduce carp densities. CyHV3 is exotic to Australia and is listed as by the World Organization for Animal Health (OIE) due to its substantial impact on global aquaculture production. Infection with CyHV3 causes koi herpesvirus disease (KHVD), a high mortality disease in common carp affecting all age classes of both wild and farmed fish. The objective of this review was to consider the current knowledge of CyHV3 transmission factors and discuss the potential for recurring epidemic-level mortality events in carp found in Australia. Case studies were presented comparing KHVD outbreaks in wild carp in Japan and Epizootic haematopoietic necrosis virus (EHNV) outbreaks in pest redfin perch (Perca fluviatilis L.) in Australia. The release of CyHV3 in thermally-favourable waterways in Australia would undoubtedly cause one high mortality KHVD epidemic. However, there is little evidence to suggest that repeated CyHV3 outbreaks would recur at a magnitude to counter the reproductive potential of the surviving carp.
Introduction
Native to parts of Eastern Europe and central Asia, the common carp (Cyprinus carpio) is the third most farmed aquatic species in the world (FAO 2017) . In 2015, 4,328,083 tonnes were produced, which represented 8.3% of global farmed fish production (FAO 2017) . Carp have been widely distributed around the world for farming and recreational fishing. Although popular for farming and fishing, carp are considered an important invasive species in North America and Australia. Despite several introductions in Australia from the 1850s onwards, it was the introduction of the 'Boolara' strain in the early 1960s that led to a dramatic invasion by this pest species (Koehn 2004) . Carp are not farmed as a food fish in Australia. With the exception of the Northern Territory, carp have established across Australia and numerous biologically significant populations are found in south-eastern Australia (Figure 1 ). In some areas of Australia's largest river catchment -the Murray-Darling Basin -carp are reported to dominate fish communities, comprising 80 to 90% of the biomass (Koehn 2004) . Carp have substantial impacts on freshwater ecosystems by effecting abiotic and biotic components as reviewed by Vilizzi et al. (2015) . Notably, carp cause a decrease in water quality through increased turbidity and nutrient loading (phosphorus and nitrogen), decline in aquatic vegetation, decrease in benthic invertebrates and fish fauna (Vilizzi et al. 2015) . In 2016, the Australian Government Department of Agriculture and Water Resources announced the National Carp Control Plan to undertake research and community and stakeholder consultation to develop a plan for the potential release of a virus to regulate the carp population (Australian Government Department of Agriculture and Water Resources 2016).
Today, the World Organization for Animal Health (OIE 2018a) lists 12 diseases of fish requiring notification to ensure the safe trade of aquatic animals and their products to protect aquaculture resources worldwide. Koi herpesvirus disease (KHVD) -an infection with Cyprinus herpesvirus 3 (CyHV3) -is one of these listed diseases (OIE B 2018 (OIE B 2018b . Since first emerging in 1997, KHVD has caused high mortality in common carp affecting all age classes of both wild and farmed fish (Hanson et al. 2016) . CyHV3 is host specific and natural infections have only been detected in common carp and varieties of the species such as koi carp (Hanson et al. 2016) . Another OIE-listed disease is infection with Epizootic haematopoietic virus (EHNV), which is only found in Australia (OIE 2018b) . EHNV is a systemic disease that caused mass mortality events in parts of the Murray Darling Basin in wild Redfin Perch Perca fluviatilis (also known as Eurasian perch) (Whittington et al. 2010) . A less severe form of the disease has been recorded in farmed Rainbow trout (Oncorhynchus mykiss) (Whittington et al. 1999) . EHNV is a potential threat to native fish species (Becker et al. 2013) . EHNV and CyHV3 share similar properties in that they are large double stranded DNA viruses that infect temperate freshwater fish and are considered persistent in the environment. Source: Atlas of Living Australia; used under CC BY 3.0 AU C Large-scale eradication programs for vertebrate pests (e.g. across continents or large islands) rarely meet the criteria whereby the benefits of the program outweigh the costs to achieve eradication (Hickling 2000) . A controlling strategy is often used to reduce the pest density sufficiently to achieve a useful reduction in the impacts of the pest on other resources (Hickling 2000) . As such, Australia's National Carp Control Plan is investigating if the release of CyHV3 will reduce the carp density below threshold levels known to cause environmental harm (National Carp Control Program 2018) . In fish populations, the critical factors for generating epidemic disease events are host density and water temperature (Reno 1998 
Carp in Australia and their relationship with native fish
Carp show a range of ecological characteristics that provide a competitive advantage over most Australian native fish species (Koehn 2004) . They are commonly referred to as being ecological generalists due to their tolerance of moderate salinities (i.e. 0 to 14 parts per thousand), turbid water with low oxygen saturation and a wide thermal range (e.g. 2°C to 40°C) (Koehn 2004) . The introduction and documented spread of carp across Australia has been reviewed in Weatherley and Lake (1967) and Shearer and Mulley (1978) . There are three major strains of carp in Australia, all of which are considered of Eurasian origin (Haynes et al. 2009 Australia's freshwater fish fauna is considered depauperate with only about 300 species, of which only 46 species are found in the Murray-Darling Basin (Lintermans 2007) . This is in comparison to the Mississippi-Missouri system (USA) with more than 370 native species or the Amazon Basin with 1300 fish species described (Lintermans 2007) . It is estimated that populations of native fish (in terms of both size and abundance) are below 10% of pre-European settlement quantities (Lintermans 2007) . Declines in the native fish populations have been attributed to commercial fishing pressures, physical barriers to fish movements (e.g. dams, weirs), and habitat degradation caused by low flows and lowered water quality and pest species (e.g. carp, redfin perch and gambusia (Gambusia holbrooki) (Lintermans 2007 ).
Pathobiology of CyHV3
The pathobiology of CyHV3 was extensively reviewed in Hanson et al. (2016) and Smail and Munro (2012) . Given that fish are ectothermic, water temperature is the most important modulating factor that determines the likelihood of infection and progression to disease. Briefly, KHVD is characterised by irregular patches on the skin and severe gill necrosis and inflammation. CyHV3 infections occur in water temperatures between 16°C and 26°C with optimal transmission and development of viremia between 22°C and 24°C (Hanson et al. 2016) . There is evidence that carp can be infected at 13°C with resulting disease and mortality (Gilad et al. 2003) . There is no evidence of infection below 13°C. The disease presents approximately 3 to 21 days following exposure to the virus in water temperatures between 22°C and 24°C (Hedrick et al. 2000) . Surviving carp develop anti-CyHV3 antibodies and can have enhanced resistance to the disease (Ronen et al. 2003) , but can also become persistently infected carriers and shed CyHV-3 (Baumer et al. 2013) . From experimental challenge, 25 to 65% of carp develop anti-CyHV3 antibodies, which persist for at least 65 weeks (St-Hilaire et al. 2009 ). Genetic variation of the carp can affect the susceptibility of a fish to KHVD Boutier et al. 2015) . KHVD resistance has been observed with selective breeding (Shapira et al. 2005) and domesticated strains were less susceptible than wild strains from experimental infection challenges .
KHVD is exotic to Australia, so no outbreaks have been recorded. The mean daily water temperatures were plotted for two sites on the Murray River with high carp abundance (Figur 1-3) . The water temperature exceeds the threshold of 16°C for approximately 4.5 to 6 months and 6 months just downstream of Hume Dam ( Figure  2A ) and Lake Malwala ( Figure 2B ), respectively.
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Figure 2. Mean daily surface water temperatures for two sites on the Murray River, NSW (see Figure 1 for approximate locations). Temperature data were downloaded from the NSW Office of Water (http://realtimedata.water.nsw.gov.au/ water.stm). Overlaid is the transmission profile associated with water temperature for infection and disease expression for Cyprinid herpesvirus 3 (Hedrick et al., 2000; Gilad et al., 2003; Hanson et al., 2016) .
Case Study: KHV outbreaks in wild and farmed carp in Lake Biwa, Japan
The first outbreak of KHVD in Japan was recorded in 2003 in farmed common carp held in net-pens in Lake Kasumigaura (Sano et al. 2004 ). This outbreak began in October, when water temperature was 16°C -18°C (autumn). Over a two-month period, it was reported that all age classes were affected and approximately a quarter of the annual carp production for the lake had died (1100 tonnes ca.) (Sano et al. 2004 ). In the following year, numerous outbreaks were recorded in all of the prefectures across Japan (Haramoto et al. 2007; Minamoto et al. 2009 ). By the summer (July-August) of 2008, CyHV3 DNA was detected in water samples from 93 of the 103 rivers in Japan . Despite the presence of CyHV3, carp mortalities attributed to KHVD were only reported in about half of these rivers ).
Lake Biwa is the largest freshwater lake in Japan, with inflow from 118 rivers and discharge through the Seta River (Minamoto et al. 2009 ). The first KHVD outbreak in Lake Biwa was in autumn 2003 and was followed by an epidemic in April to July 2004 (Minamoto et al. 2009 ). It was estimated that 100,000 wild common carp (60 to 80% of the population) died during the 2004 epidemic (Matsui et al. 2008) . It was reported that vast majority of the dead carp (e.g. >90%) were adults (4-10 years old) and from an indigenous lineage of the species (Ma-goi) specific to Japan . Since the initial epidemic, there have been reports of small numbers of dead fish from KHVD in Lake Biwa, but these reports have been sporadic and not considered to represent an outbreak (Minamoto et al. 2009; Uchii et al. 2009 ). Subsequent surveillance determined CyHV3 DNA was present in the environment at 22 sites along the Lake Biwa shoreline from June 2007 to December 2008 i.e. including winter (Minamoto et al. 2009 ). From Minamoto et al. (2009) , the lowest and highest water temperatures in Lake Biwa were approximately 8°C recorded in February and 32°C in August, respectively. Optimal water temperatures between 16° and 26°C for CyHV3 infection to occur were observed spring and autumn (Minamoto et al. 2009 ). The concentration of CyHV3 DNA was positively correlated with water temperature and peaked in August (Minamoto et al. 2009 ). This is in contrast to other rivers in Japan where there was no corresponding increase in CyHV3 DNA with seasonal changes in water temperature across the range 13.5°C to 33°C (Fujioka et al. 2015) .
Wild carp surveyed from Lake Biwa in 2006 showed evidence of prior exposure to CyHV3, based on positive results from PCR or antibody-based tests (Uchii et al. 2009 ). Anti-CyHV3 antibodies (signifying an immune response to prior exposure to the pathogen) were detected in more than half (32/61) of wild carp >300 mm total length and estimated to be 3 to 4 years old (Uchii et al. 2009 ). Of these, 56% (18/32) were PCR negative, indicating that the fish had survived the infection and there was no evidence of persistent infection (Uchii et al. 2009 There has been no second mass mortality or KHVD epidemic events recorded in Lake Biwa or any other wild carp populations in Japan following the initial 2004 disease event (Uchii et al. 2011 , Takahara et al. 2014 Uchii et al. 2014) . This is despite evidence of CyHV3 being detected year-round in the environment (Minamoto et al. 2009; Fujioka et al. 2015) and persistently infected and apparently healthy carp being collected under optimal water temperatures for CyHV3 replication and transmission (Uchii et al. 2009; . The age stratified seroprevalence in Lake Biwa in 2008 and 2009 indicated that the majority of adult carp developed immunity to CyHV3 by natural exposure in the previous 2-3 years (Uchii et al. 2011 ). The development of population level (or herd level) immunity will indirectly provide protection to the susceptible fish. This has been hypothesized as one of the reasons no further epidemics have been observed in Lake Biwa (Uchii et al. 2011) .
The Lake Biwa case study demonstrates the hostenvironment-pathogen interactions in a natural ecosystem that can generate ongoing CyHV3 infections. Although a second epidemic has not been recorded in Lake Biwa, recurrent epidemics occur in farmed carp (e.g. Baumer et al. 2013 ) and laboratory studies show reactivation of latent infections through thermal manipulation (e.g. St-Hilaire et al. 2005) . Aquaculture settings and experimental challenges in the laboratory provide useful insights to the biology of pathogens, but have limited application to disease modelling in natural ecosystems. A crucial factor for a scenario with recurrent epidemics in ecosystems is the presence and frequency of contact between naïve or susceptible carp and infectious ones (Reno et al. 1998) . Aquaculture settings and experimental studies usually examine a single epidemic in a closed population with highly infectious fish propagating the viral exposure. These epidemics begin with the pathogen being introduced to large numbers of susceptible hosts at one point in time. Natural ecosystems contain a heterogeneous population of carp with mixed age classes of fish and mixed susceptibility to CyHV3 due to response to previous exposure. Further, persistent infection of some fish with CyHV3 allows transmission in conditions that are sub-optimal for disease, which increases the resistant proportion of the population prior to the onset of environmental conditions that are conducive to epidemic disease.
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Case Study: EHNV outbreaks in wild and farmed fish in Australia
Since emergence in the early 1980s (Langdon et al., 1986) , EHNV has only been reported to occur in Australia where the primary host is an introduced Class 1 noxious fish (redfin perch). Infections are reportable to the OIE (2018b). EHNV causes multifocal necrosis of the hematopoietic tissues found in liver, spleen, and kidney (Langdon and Humphrey 1987; Reddacliff and Whittington 1996) . Belonging to the Family Iridoviridae, EHNV is similar to CyHV3 in being a large double stranded DNA virus. Also, both are considered environmentally robust. Furthermore, similar to CyHV3, EHNV infects fish through the skin, gills and mouth. Comprehensive reviews of iridoviruses (with particular emphasis on EHNV) have been published by Whittington et al. (2010) and Hick et al. (2016) . Briefly, natural infections occur in non-native wild European (redfin) perch and farmed rainbow trout (Langdon et al. 1986; 1988) . In initial EHNV epidemics in Victoria and NSW, mortality rates >90% were reported. In some smaller water bodies 100% mortality in redfin perch was reported (Langdon et al. 1986; 1987; Whittington et al. 2010) . From 1986 to the mid-1990s, outbreaks in redfin perch and rainbow trout were reported across the Murray Darling Basin in south-eastern Australia, including Lake Hume and then Tumut River, Burrinjuck Dam ( Figure  1 ), Blowering Dam (Figure 1 ), Lake Burley Griffin and Googong Dam (Whittington et al. 2010) . The spread of EHNV was considered to be in an upstream direction (Whittington et al. 2010) and was translocated outside the Murray Darling Basin with the trade in rainbow trout fingerlings (Whittington et al. 1999) . Infections with EHNV occur with water temperatures between 12°C and 26°C, with optimal disease expression between 19°C and 21°C (Whittington and Reddacliff 1995) (Figure 3 ). Redfin perch can develop an EHNV carrier state with persistent subclinical infection (Becker et al. 2016) , which was not observed in earlier studies by Langdon (1989) and Whittington and Reddacliff (1995) . Several other native Australian fishes have been shown to be susceptible to infection including Macquarie perch (Macquaria australasica G. Cuvier, 1830), silver perch (Bidyanus bidyanus Mitchell 1838) and freshwater catfish (Tandanus tandanus Mitchell 1838), although natural disease outbreaks have not been recorded (Becker et al. 2013) .
As part of a surveillance survey for EHNV in fish in the Murray Darling Basin, fish kills in Lake Ginninderra, ACT in 2008 and 2010 were studied (Whittington et al. 2011) . On both occasions, small numbers of dead redfin perch were observed with one (of six) and three (of 12) testing positive for EHNV, respectively and were presumed to have died due to other causes (Whittington et al. 2011) . In this survey, EHNV was not detected in redfin perch in the two months before or after the fish kills, nor in a follow up study in 2011 (Whittington et al. 2011) . The lack of evidence for downstream spread of EHNV following outbreaks in Lake Ginninderra might be explained by a shift in the resistance profile of the population (Becker et al. 2016 ) and insufficient host density in rivers to initiate propagation of an outbreak, or a combination, but the exact reasons are unknown (Whittington et al. 2011) . Redfin perch are considered abundant and widely distributed across NSW and Victoria, particularly within lowland regions (Sinclair Knight Merz 2008) . In NSW, redfin perch are listed as a Class 1 noxious pest species and subject to legislation control.
In 2009, a fish kill occurred in Blowering Dam, NSW with 8 dead redfin perch (from 108) positive for EHNV and presumed to have died from other causes (Whittington et al. 2011) . From 1986 to the mid-1990s, Blowering Dam was an initial outbreak area for EHNV with regular epidemics; mortality was reported to be greater than 90% Whittington et al. 2010) . et al. 2016) . This reduction in host susceptibility was demonstrated to reflect adaptation of the host rather than viral attenuation as an original virulent EHNV isolate from 1987 was used at low passage (Becker et al. 2016) . Furthermore, the water temperature profile of Blowering Dam suggests that there was a high likelihood that fish were developing partial immunity due to being exposed at suboptimal temperatures ( Figure 3B ). Burrinjuck Dam has a similar water temperature profile with approximately 6 months of the year below 12°C ( Figure 3A ). The last record of an EHNV outbreak in Burrinjuck Dam was in 1990 (Whittington, et al., 2010) . There have been no reported outbreaks of EHNV in Australia since 2010.
Can these case studies give us insight for biocontrol using CyHV3?
Infectious diseases are recognized to have an increasingly important role in natural systems because they can influence host genetic diversity via co-evolutionary processes operating between host and pathogen (Altizer et al. 2003) . In the case of EHNV outbreaks in Australia, hypothesized factors for the observed changes in the host-pathogen relationship include selection pressure for resistant fish following outbreaks and, subsequent attenuation of the virulence of the virus (Becker et al. 2016 ). Furthermore, it is possible that redfin perch develop a temperature-dependent immunity or incomplete immunity from surviving a prior EHNV exposure at suboptimal temperatures below 16°C (Whittington and Reddacliff 1995) .
The deliberate introduction of novel pathogens as a means of biological control will probably be followed by changes in the pathogen and, quite possibly, the target host population Overlaid is the transmission profile associated with water temperature for infection and disease expression for Epizootic haematopoietic necrosis virus (Whittington and Reddacliff 1995) .
(Fenner and Fantini 1999). Co-evolution will also have epidemiological implications, particularly in the context of emerging and re-emerging diseases (Woolhouse and Dye 2001) . It is well documented that upon initial introduction to new water bodies, CyHV3 causes an epidemic that kills carp in very high numbers within a few weeks. There is a growing body of evidence showing that following CyHV3 introduction, mortality rates drop quickly, and further sporadic mortalities are reported with little impact on the local carp populations (Uchii et al. 2011; Takahara et al. 2014; Thresher et al. 2018) . This evidence supports the hypothesis that CyHV3 rapidly establishes a low mortality endemic transmission cycle in wild carp populations via selection pressure favouring evolution of lower virulence CyHV3 strains (McColl et al. 2016) . Furthermore, from the host perspective, carp can develop resistance to CyHV3 after surviving a prior exposure (Ronen et al. 2003) via the development of at least partial immunity when exposed at suboptimal temperatures (St. Hilaire et al. 2005) , before the impact of population-level genetic selection towards disease resistance is apparent (Shapira et al. 2005) . Aquaculture settings appear to have repeated epidemics, however this is an artefact of the nature of farming and caution should be used when making inferences to KHVD in natural populations. Repeated epidemics at farms should be considered as a "first" epidemic because of the point in time addition of large numbers of naïve young carp, the synchronous exposure to high titre CyHV3 and the lack of age class mixing prior to virus exposure.
Concerns that have been raised about the effectiveness of CyHV3 as a biocontrol agent are derived from observations of the development of host resistance and the remarkable fecundity of carp (Lighten and Oosterhout 2017; Marshall et al. 2018) . However, the greatest concern is how quickly CyHV3 is able to reach a balance in the host population with high infection prevalence and low mortality. The studies of Lake Biwa and the rivers of Japan demonstrate that within one to two years persistently infected carp and the environment become contaminated with CyHV3 when CyHV3 becomes endemic to a region , Fuijioka et al. 2015 . Despite evidence of CyHV3 in the host and environment, large numbers of diseased fish leading to mortality did not occur even though abundant fish hosts were present. The Lake Biwa case study shows that long before selection pressure can influence the pathogen and host interaction, the disease outcome (i.e. mortality due to KHVD) at a population level is attenuated by herd immunity and by latent CyHV3 infection favouring transmission in an environment that is suboptimal for disease expression.
The release of CyHV3 in thermally-favourable waterways in the Murray Darling River Basin would undoubtedly cause one high mortality KHVD epidemic. However, it is likely that CyHV3 will become endemic with transmission in conditions that are suboptimal for severe disease, leading to a long term stable carp population in which CyHV3 remains in balance through persistent subclinical infections in suboptimal environments for disease and naturally acquired immunity. There is little evidence to suggest that repeated CyHV3 outbreaks would recur at a magnitude to counter the reproductive potential of the surviving carp and to support the use of CyHV3 as a biocontrol for carp in Australia.
